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Background: Shape coexistence in the Z ≈ 82 region has been established in mercury, lead and
polonium isotopes. Even-even mercury isotopes with 100 ≤ N ≤ 106 present multiple fingerprints
of this phenomenon, which seems to be no longer present for N ≥ 110. According to a number of
theoretical calculations, shape coexistence is predicted in the 188Hg isotope.
Purpose: The aim of this work is to measure the lifetime of both yrast and non-yrast excited states
of 188Hg to infer the properties of the belonging bands, such as the deformation. Extending the
investigation to the high-lying states, which are expected to be less affected by band-mixing effects,
can provide additional information on the coexisting structures.
Methods: The 188Hg nucleus was populated using two different fusion-evaporation reactions with
two targets, 158Gd and 160Gd, and a beam of 34S, provided by the Tandem-ALPI accelerators
complex at the Laboratori Nazionali di Legnaro. The channels of interest were selected using the
information from the Neutron Wall array, while the γ rays were detected using the GALILEO γ-ray
array. The lifetimes of the excited states were determined using the Recoil Distance Doppler-Shift
method, employing the dedicated GALILEO plunger device.
Results: The lifetimes of the states up to spin 16 ~ were measured and the corresponding reduced
transition probabilities were calculated. Using the two-bands mixing and rotational models, the de-
formation of the pure configurations was obtained from the experimental results. The extracted tran-
sition strengths were compared with those calculated with the state-of-the-art symmetry-conserving
configuration-mixing approach in order to shed light on the nature of the observed structures in the
188Hg nucleus. An oblate, a normal- and a super-deformed prolate bands were predicted and their
underlying shell structure was also discussed.
Conclusions: The first lifetime measurements of the high-lying states suggested the presence of an
almost spherical structure above the 12+1 isomer; moreover, they allowed to estimate the structure
of the intruder band. The comparison between the extracted transition strengths with the two-
band mixing model allowed to infer the deformation of the ground-state band, but the experimental
uncertainties do not permit to make firm conclusions on the mixing. The deformation of the oblate
and normal-deformed prolate bands, given by the newly-performed theoretical calculations, are in
agreement with the experimentally estimated ones. Finally, the comparison with such beyond mean-
field calculations also suggested the presence of shape coexistence, not only in 188Hg, but also in
190Hg.
























The regions close to Z = 50 and Z = 82 provide unique
conditions to study the evolution of the nuclear shapes
and of the collectivity in the vicinity of magic numbers.
The lead region, in particular, presents a wide range
of phenomena related to the nuclear shape, as for in-
stance shape staggering between odd- and even-mass nu-
clei [1, 2], shape evolution with mass [3–5] and shape co-
existence [6, 7]. The latter is a characteristic feature of fi-
nite many-body quantum systems, such as the atomic nu-
cleus, where structures corresponding to different shapes
coexist within the typical energy range of nuclear excita-
tions.
FIG. 1: (Color online) (top) Mean-square charge radius as a
function of the neutron number for Po (green), Pb (blue) and
Hg (red) isotopic chains. For the Z = 80 isotopes, the large
variation of the radius was attributed to the presence of dif-
ferent shapes. Values taken from Refs. [2, 8, 9]. (bottom) Sys-
tematics of excited states in the neutron-deficient even-even
mercury isotopes, showing (red circles) the assumed intruder
and (black squares) ground-state bands. Data taken from the
National Nuclear Data Center database [10].
The first hint of shape coexistence in the Z≈82 re-
gion came from studies of optical hyperfine structure in
the neutron-deficient mercury isotopes [8]. As shown in
Figure 1 (top panel), significant staggering of the mean-
square charge radius were observed for mass 181 ≤ A ≤
185, which was interpreted as resulting of the presence of
different deformed structures. This feature of the mean-
square charge radius is unique in the nuclear chart and
it was confirmed via recent laser-spectroscopy measure-
ments [2], which demonstrated that the shape staggering
is present down to A = 179 (N = 99), where the nucleus
returns to sphericity in its ground state.
Another fingerprint of shape coexistence in mercury
isotopes is the observation of low-lying intruder bands
built on a second 0+ state, which are particularly close
in energy to the ground state in the isotopes from 180Hg
to 188Hg (see Figure 1 (bottom panel)). From energy lev-
els, the deformation of these nuclei in the ground-state
band was estimated to be β ≈ 0.1, in contrast to β ≈ 0.3
obtained for the bands built on the 0+2 states [11, 12].
These structures tend to mix due to their proximity in
energy. The degree of their mixing was first estimated
from the measured α-decay hindrance factors, yielding
a 3% admixture of the deformed configuration in the
ground state of 180Hg, while mixing of 16% and 18% was
obtained for 182Hg and 184Hg, respectively [13]. These
mixing strengths are consistent with those deduced from
the ρ2(E0; 0+2 → 0
+
1 ) value for
188Hg and its upper limit
for 186Hg [14], displaying a parabolic behavior as a func-
tion of neutron number with maximum mixing observed
at N = 104 mid-shell, where the intruding structure
comes the closest in energy to the ground state. The
mixing of normal and intruder structures in Hg isotopes
was also investigated by applying a phenomenological
two-bands mixing model to level energies in observed
rotational bands [15, 16]. The most recent study of
Ref. [16] accounted for the energies of newly identified
non-yrast states in 180,182Hg and yielded a lower mixing
between the 0+ states than that deduced from the α-
decay work of Ref. [13], but still with a maximum around
N = 102 − 104. The conclusions of this analysis for the
2+ states are, however, much different, suggesting an in-
version of configurations of the 2+1 state between
182Hg
and 184Hg, with almost maximum mixing (51%) for the
2+1 state in the mid-shell
184Hg nucleus. Again, when
moving away from N = 104, both towards lighter and
heavier nuclei, the configurations of the 2+ states be-
come more pure. The importance of configuration mix-
ing in the structure of 2+ states in neutron-deficient Hg
nuclei is again supported by enhanced ρ2(E0; 2+2 → 2
+
1 )
transition strengths observed for 180Hg [17], 182Hg [18],
184Hg [18] and 186Hg [19, 20]. Finally, the mixing of
states with J > 2 extracted from the perturbation of
level energies in rotational bands in 180,188Hg [16] de-
creases interestingly with spin and it no longer displays
a parabolic behavior as a function of neutron number,
but rather a monotonic increase with mass (e.g. for the
4+ states the mixing goes from 2% in 180Hg to 20% in
188Hg). Currently no E0 transition strengths are known
in neutron-deficient Hg nuclei between the states of spin
4 and higher.
Further information on collective structures in
neutron-deficient Hg nuclei was provided by measure-
ments of γ-ray transition strengths. Lifetimes of the ex-
3
cited states were measured for several neutron-deficient
species, populated via fusion-evaporation reactions: the
178Hg [21], 180,182Hg [22, 23] and 184,186Hg [16, 24, 25]
nuclei were studied using the Recoil-Distance Doppler-
Shift (RDDS) method, while the Doppler-Shift Attenua-
tion Method (DSAM) and the β-tagged fast-timing (FT)
techniques were employed to investigate 184Hg [26] and
186,188Hg [14, 27] isotopes, respectively. Moreover, the
lifetimes of the low-lying states in 190−196Hg isotopes,
which could not be investigated via RDDS method due to
the presence of low-lying isomers, was recently measured
via the FT technique [27, 28]. These studies were mostly
limited to yrast states but, as the intruder band becomes
yrast at low spin (see Figure 1 (bottom panel)), they
yielded lifetimes of states in both coexisting bands in the
even-mass 180−186Hg nuclei, providing strong support for
the very different deformations of these two structures.
Finally, with the advent of radioactive ion-beam fa-
cilities, the even-mass 182−188Hg isotopes were investi-
gated via low-energy Coulomb excitation, yielding mag-
nitudes and signs of the reduced E2 matrix elements be-
tween the low-lying excited states [29, 30]. Combined
with the mixing coefficients of Ref. [16], these results pro-
vided a consistent picture of two distinct configurations
(weakly-deformed oblate and strongly-deformed prolate)
contributing in varying proportions to the observed low-
lying states in 182−188Hg. Even though the simplest ob-
servables, such as the energy of the first-excited 2+ state
and the B(E2; 2+1 → 0
+
1 ) value, are almost identical in
182−188Hg, the structures of 2+1 states were demonstrated
to be very different: the intruder configuration domi-
nates in 182Hg, both configurations almost equally con-
tribute in 184Hg and the normal configuration prevails
for 186,188Hg. Unfortunately, due to strong correlations
between the reduced matrix elements, the important role
of E0 transitions between the 2+ states and the lack of
sufficiently precise lifetimes, branching and mixing ratios
for the nuclei of interest, it was not possible to determine
any spectroscopic quadrupole moments from this study,
except for the Qs(2
+




an oblate deformation of this state.
The first interpretation of the intruder band was given
in the work of C. Praharaj and S. Khadkikar [31], who
performed Hartree-Fock calculations for even-mass mer-
cury isotopes from A = 184 to A = 204 and obtained
β deformation parameters for the two coexisting struc-
tures. In their calculations, all these nuclei present oblate
ground-state bands, with a maximum of the deformation
for A = 186 (β = 0.117), while the excited bands are
prolate-deformed. In particular, small mixing was pre-
dicted between the two bands in 188Hg. More recently,
Nikšić and collaborators performed relativistic Hartree-
Bogoliubov (RHB) calculations [32] and predicted the
ground-state band of Hg isotopes to be weakly-deformed
oblate, due to the two-protons hole in the Z = 82. Then,
for the isotopes close to the neutron mid-shell, includ-
ing 188Hg, this oblate ground-state band was predicted
to be crossed by the intruding prolate-deformed band,
related to 4p − 6h proton excitations into the h9/2 and
f7/2 orbitals, and the two structures were expected to be
strongly mixed. Similar conclusions could also be reached
from beyond mean-field (BMF) calculations and interact-
ing boson models (IBM), that have been summarized in
the works of N. Bree et al. [29] and K. Wrzosek-Lipska
et al. [30]. In their works, the BMF approach predicts
for N ≥ 106 a weakly-deformed ground-state band co-
existing with an excited prolate band characterized by a
stronger deformation. For nuclei with 100 ≤ N ≤ 104
the two bands cross and the ground state is expected to
be predominantly prolate, while the first excited 0+ state
is predicted to have equal contributions of the oblate and
the prolate configuration.
The intruder structure of 188Hg appears at excitation
energy slightly higher than in 182−186Hg, but it also be-
comes yrast very quickly, starting from spin 6+. The
degree of mixing between the two coexisting structures
is expected to be lower than at mid-shell, but the detailed
predictions of the models significantly differ. As 188Hg
is less exotic and thus easier accessible for high-precision
spectroscopy than the Hg isotopes in the nearest vicinity
of N = 104, the paucity of information about its elec-
tromagnetic structure, in particular that of higher-spin
states, is surprising. The transition probabilities in 188Hg
were studied via lifetime measurements using the FT
technique [14, 27] and via Coulomb excitation [29, 30],
but the existing information is mostly limited to yrast
states and the results on the 2+1 lifetime are not consis-
tent. In order to obtain a clear picture of shape coex-
istence in 188Hg and a deeper insight into configuration
mixing in Hg nuclei, precise determination of the reduced
transition probabilities between the low-lying states, be-
longing to both structures, is mandatory.
In the present paper, the lifetime measurement of the
excited states in both the ground-state and intruder
bands are presented for 188Hg. The results are discussed
and interpreted in the context of new beyond mean-
field calculations performed via the symmetry-conserving
configuration-mixing method.
II. EXPERIMENTAL DETAILS
Two experiments were performed, using different
fusion-evaporation reactions, to populate the excited
states in 188Hg. In the first one, a 34S beam at 185-MeV
energy impinged on a 600 µg/cm2 thick target of 160Gd,
evaporated onto a 2.5 mg/cm2 thick 181Ta fronting. The
second one used a 34S beam at the energy of 165 MeV
and a 600 µg/cm2 thick target of 158Gd with an identi-
cal fronting. In the following, these two measurements
will be referred to as Exp.1 and Exp.2, respectively. As
the cross sections for individual reaction channels were
different for Exp.1 and Exp.2, this approach provided a
better control of possible contamination in the 188Hg data
by other reaction channels. The 34S beam was provided




































































































































































































































FIG. 2: (Color online) (top) Background-subtracted γ-ray energy spectrum from the GALILEO detectors at 90◦, obtained
by gating on the 413-keV 2+1 → 0+g.s. transition and requiring the coincidence with at least one neutron. The statistics is the
sum of the Exp.1 and Exp.2 datasets. The identified transitions in the 188Hg positive-parity bands are marked in red, those in
and between negative-parity bands are highlighted in blue, while those between positive-parity and negative-parity bands are
in green. (bottom) Partial level scheme of 188Hg, reporting the identified γ-ray transitions. The arrows widths represent the
efficiency-corrected transition yields.
Laboratori Nazionali di Legnaro (Italy). The γ rays were
detected by the GALILEO spectrometer, an array of 25
Compton-shielded HPGe detectors, arranged into 3 rings
at backward angles (152◦, 129◦, 119◦) and one ring at
90◦ [35]. The neutrons evaporated in the reaction were
detected using the Neutron Wall array [36], composed of
45 liquid scintillators placed at forward angles with re-
spect to the beam direction. The use of Neutron Wall
was necessary to discriminate between the events of in-
terest, expected in coincidence with at least one neutron,
and the Coulomb-excitation background [37]. Figure 2
(top panel) shows the γ-ray energy spectrum of 188Hg,
obtained in coincidence with at least one neutron and
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FIG. 3: (Color online) Background-subtracted γ-ray energy
spectra of 188Hg as a function of different target-to-stopper
distances for the Exp.2 dataset and the GALILEO detectors
at 152◦. The spectra are obtained by gating on the in-flight
component of the 4+1 → 2
+
1 transition and requiring the coin-
cidence with at least one neutron. The in-flight and stopped
components are indicated by solid-red and dashed-blue lines,
respectively.
level scheme, showing all the γ-ray transitions observed
in the present study, is presented in the bottom panel of
Figure 2. More details about the pre-sorting of the data
can be found in Ref. [38].
For the lifetime measurements, the RDDS tech-
nique [39] was used by employing the GALILEO
plunger [40] with a 11 mg/cm2 thick 197Au stopper
mounted after the target. For each γ-ray transition two
components were observed, related to the radiation emit-
ted before and at the 197Au foil: the γ rays emitted in-
flight after the target are Doppler shifted, while those
emitted after the implantation in the stopper are de-
tected at the proper energy. From the energy difference
between the in-flight and the stopped components of the
γ-ray transitions, the average velocity of the 188Hg evapo-
ration residue (ER) was determined, being β = 1.71(8)%
for Exp.1 and β = 1.59(1)% in Exp.2. Considering the
velocity of the nucleus of interest, seven target-stopper
distances in the range 20-600 µm were used during the
Exp.1 and seven in the range 7-2000 µm during Exp.2, to
measure lifetimes between few and tens of picoseconds.
Specifically, for the first experiment the distances were
optimized to get information mostly on the 2+1 excited
state, while for the second they were selected to extend
the measurement also to shorter-lived states.
III. LIFETIME ANALYSIS
In order to avoid the effects of unobserved feeding tran-
sitions and to reduce the possibility of contamination
from different reaction channels, the lifetime measure-
ments were performed using the γ-γ coincidence pro-
cedure, gating on the in-flight component of the most
intense feeding transition. Moreover, in order to filter
out the events resulting from the Coulomb excitation of
both 197Au stopper and 181Ta target fronting, all the an-
alyzed γ-γ matrices were constructed by requiring the
coincidence with at least one neutron identified in the
Neutron Wall array. Figure 3 shows the evolution of
the intensities of the in-flight and stopped peaks of the
2+1 → 0+g.s. transition as a function of the target-degrader
distance, after gating on the 4+1 → 2
+
1 in-flight compo-
nent. The lifetimes of the states were extracted using the
NAPATAU software [41], applying the Differential Decay
Curve Method (DDCM) [39] by fitting the area of both
the in-flight (Iifi ) and the stopped (I
st
i ) components with
a polynomial piecewise function. These intensities were
scaled according to an external normalization, given by
the area of the 136-keV γ-ray peak of 181Ta. This choice
for the normalization was due to the fact that the num-
ber of counts in this peak is not only proportional to
the beam intensity and duration of the run, but it also
provides a measure of possible degradation of the target
during the experiment.
The lifetime τi should be constant for each i-th target-
stopper distance and it is obtained as
τi =






where the summation is extended over the j feeding tran-
sitions, each with a certain branching ratio (Br) and pa-
rameter α, which includes the efficiency correction and
the angular correlation between the transition of interest
and the feeding one. In the case of the γ-γ coincidence
procedure with gating on the in-flight component of the
feeding transition, the contributions from feeding tran-
sitions are eliminated and this term is null. The final
result is given by the weighted average of the lifetimes
within the sensitive region of the technique, i.e. where
the derivative of the fitting function is larger.











and 16+1 excited states in
188Hg were extracted via the
DDCM by gating on the in-flight component of the
(Jπ + 2) → Jπ feeding transition. The lifetime of these
states was obtained for each of the three GALILEO rings
separately and then the weighted average was calculated,
except for the 16+ state where the statistics from the
three rings had to be summed. In Figure 4 the DDCM
analysis performed for the 2+1 state is presented for Exp.1
and Exp.2, showing the results for the detectors at 129◦
and 152◦, respectively. The lifetimes obtained from the
two datasets and the three HPGe rings are in a perfect
agreement. Thus, the weighted average of the results ob-
tained for the different detectors angles were calculated,
leading to τ(2+1 ) = 25(2) ps for Exp.1, τ(2
+
1 ) = 24(1)
ps for Exp.2. The lifetime of the 4+1 state could be
determined only from the Exp.2 dataset, which yielded
τ(4+1 ) = 1.9(8) ps. These results are in agreement with


































































FIG. 4: (Color online) DDCM analysis for the lifetime measurement of the 2+1 excited state, after gating on the in-flight
component of the 4+1 → 2
+
1 transition. (top) Area of the (blue) in-flight and (red) stopped components, normalized over the
intensity of the 136-keV peak of 181Ta. The dashed lines represent the curves fitting the in-flight-component points in the
sensitive region of the technique. (bottom) Corresponding lifetimes obtained for individual distances. The solid line denotes
the weighted average of the lifetimes, while the filled area corresponds to 1σ uncertainty.
Due to the high spin of the state, the limited statis-
tics (see Figure 2) collected for the distances sensitive
to lifetime of the 12+2 excited state hindered its precise
measurement. From the only two experimental points,
τ(12+2 ) ≈ 2 ps was estimated, which would be consistent
with the trend observed for the transitional quadrupole
moments in the high-spin part of the intruder band (see
Table II); however, due to an insufficient number of ex-
perimental points in the sensitive range of the method,
it has been decided to adopt a more conservative upper
limit of 4 ps for this state.
The presence of the 154-ns 12+1 isomeric state pre-


























FIG. 5: (Color online) Decay curve of the 4+2 excited state in
188Hg as a function of the target-stopper distance, obtained
for the Exp.2 dataset by gating on the in-flight component of
the 8+1 → 6
+
1 transition (see text). The red line represents
the fitted decay curve, assuming τ(6+1 ) = 5.1(5) ps.
surements, an upper limit of 10 ps can be set for the 6+2
excited state, since in the spectra gated on both the 645-
keV 8+2 → 6
+
2 and the 424-keV 7
− → 6+2 transitions only
the in-flight component of the 6+2 → 4
+
1 transition was
clearly observed for the longer plunger distances.
Due to the insufficient level of statistics in the 301-keV
6+1 → 4
+
2 transition, it was not possible to extract the
lifetime of the 4+2 state via the DDCM. Thus, for the
Exp.2 dataset a different gate on the 460-keV 8+1 → 6
+
1
transition was set and the lifetime was extracted via the
Decay-Curve Method (DCM), using a second-order Bate-
man equation and taking into account the contribution
of the 6+1 state. Figure 5 shows the decay curve for the
4+2 state, resulting in a lifetime of τ(4
+
2 ) = 8(3) ps.
TABLE I: Lifetimes (in picoseconds) of the Jπi excited states
in 188Hg. The weighted averages of the results from the three
GALILEO rings are given and compared with literature [27,
29, 30]. The reported uncertainties are statistical only.
J+i Exp.1 Exp.2 Previous
2+1 25(2) 24(1) 19(3)
4+1 - 1.9(8) 2.3(2)
4+2 < 10 8(3) < 58
6+1 5.5(6) 5.1(5) < 14
6+2 < 10 < 10 < 30
8+1 - 2.7(2) -
10+1 - 2.1(2) -
12+2 - < 4 -
14+1 18(4) 19(3) -
16+1 < 20 12(3) -
Table I summarizes the experimental results from the
two datasets. The reported uncertainties represent the
7
1σ statistical error, given by the adopted procedures and
the weighted average of the results from the individual
GALILEO rings. Additionally, a systematic uncertainty
(typically ≤ 3%), accounting for the choice of the fit-
ting function and relativistic effects [39], should be con-
sidered. Because of the longer distances investigated in
Exp.1, it was possible to study only for the lifetimes of




1 excited states. Then, similarly to the





From the weighted average of lifetimes (τ̄) measured in
Exp.1 and Exp.2, corresponding B(E2) strengths can be
extracted. They can be further related to the deforma-
tion parameters using simple rotational approximations.
In the axially symmetric rotor model, the transition
quadrupole moment Qt is related to the E2 transition
probability via
B(E2; Ji → Jf ) =
5
16π
〈Ji,K, 2, 0|Jf ,K〉2Q2t , (2)
where Jf = Ji − 2 and 〈Ji,K, 2, 0|Jf ,K〉 is the Clebsch-
Gordan coefficient. K is the spin projection along the
symmetry axis of the nucleus, conserved in the case of
axial symmetry (thus it is equal to 0 for the considered
states in both coexisting structures in 188Hg). Under this
assumption, Qt does not change within a band and it is
equal to the intrinsic quadrupole moment Q0, which is




ZR20β2(1 + 0.16β2) , (3)
where R0 = 1.20A
1/3.
In Table II the B(E2) transition strengths and the cor-
responding Qt and β2 values are reported for the in-band
transitions. Based on the excitation energies of the states
and the Qt values, three different rotational-like config-
urations can be identified: a slightly-deformed ground-
state structure below the 12+1 isomeric state, an almost-
spherical ground-state structure above it and finally the
deformed intruder band. For the latter, within the exper-
imental uncertainties, the quadrupole moments tend to
be constant for the J ≥ 4 states (Qt ≈ 5.88 eb, which cor-
responds to β2 ≈ 0.21). The rather constant trend of the
quadrupole moments suggests that, even for the lower-
spin states, the mixing between the coexisting normal
and intruder bands seems limited and not variable with
spin, since the latter exhibits characteristics of a perfect
axial rotor. Therefore a first estimate of reduced tran-
sition probabilities in the pure intruder structure can be
obtained using the average Qt value for higher-spin states
in the intruder band, as shown in Figure 6.
Since there is substantial experimental evidence for the
mixing between the ground-state and the intruder bands
(e.g. significant ρ2(E0) values, intense intra-band tran-
sitions), it is reasonable to assume that the two struc-
tures are not axially symmetric. Thus, assuming that
the J ≥ 4 intruder states result from a rotation of a non-
axial nucleus characterized by two deformation parame-
ters (β2, γ), one can relate the measured B(E2) values to
the intrinsic quadrupole moment Q0 using the following
extension of Equation (2):
















Applying the described model to the measured B(E2) val-
ues for J ≥ 4, one obtains for the pure intruder configu-
ration Q0 = 5.90(22) eb (corresponding to β2 = 0.21(1))
and γ = 14(2)◦. Here, we again assumed K = 0 for all
states in the intruder band, as the departure from axial
symmetry is not large and K is likely to be approximately
a good quantum number.
In order to shed light on the structure of the coexisting
configurations, accounting for the mixing between them,
the experimental reduced transition probabilities are fur-
























FIG. 6: (Color online) Measured B(E2) values as a func-
tion of spin are compared with those calculated from the two-
bands mixing model [42]. The black (red) solid line denotes
pure normal (intruder) structures transition strengths, while
the related shaded areas correspond to their error bars. The
B(E2) values for the pure intruder configuration, estimated
from the axially symmetric rotor model (see text) are pre-
sented with a dashed red line. The open squares and the
solid circles represent the experimental values for the normal
and intruder bands, respectively.
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TABLE II: Comparison between the reduced transition probabilities B(E2; Jπi → Jπf ), extracted from the measured lifetimes,
and the theoretical values predicted by IBM-CM [43] and SCCM for 188Hg. The transition quadrupole moment Qt and the β2
deformation parameter are extracted assuming an axial symmetric rotor model. The experimental values marked with (a) and
the branching ratios (Br) are taken Ref. [44].
J+i → J
+
f Eγ [keV] τ̄ [ps] Br
B(E2) [W.u.] |Qt| [eb] β2Exp. IBM-CM SCCM
2+1 → 0
+
1 413 24.4(9) 1.00 44(2) 54 60 3.66(10) 0.128(4)
4+1 → 2
+
1 592 1.9(8) 1.00 92(38) 74 94 4.5(13) 0.158(47)
6+2 → 4
+




(a)222(29) 103 1.00 1.3(2) - - 0.50(5) 0.017(2)
14+1 → 12
+
1 437 19(3) 1.00 40(6) - - 2.73(31) 0.095(11)
16+1 → 14
+
1 659 12(3) 1.00 8(2) - - 1.24(22) 0.043(8)
4+2 → 2
+
2 327 8(3) 0.46(2) 191(76) 151 316 6.56(184) 0.23(6)
6+1 → 4
+
2 301 5.3(3) 0.16(1) 156(14) 126 355 5.65(36) 0.20(2)
8+1 → 6
+
1 461 2.7(2) 1.00 220(16) 268 382 6.56(35) 0.23(1)
10+1 → 8
+
1 521 2.1(2) 1.00 155(15) 272 - 5.42(37) 0.19(1)
12+2 → 10
+




(a)203(45) 0.60(3) 0.08(2) 0.8 0.4 - -
6+1 → 4
+
1 504 5.3(3) 0.79(1) 57(4) 130 1.5 - -
A. Two-bands mixing
The assumption of a purely rotational character of the
high-spin intruder states is in line with the work of L.P.
Gaffney et al. [16] where, considering a spin-independent
interaction between two rotational structures and em-
ploying the method of Ref. [42], the mixing strengths
(αmix) for the excited states up to spin 10~ were ex-
tracted from the excitation energies. The 6+1 , 8
+
1 and
10+1 excited states were estimated to have admixture of
the normal structure at the level of 6.1%, 1.2% and 0.5%,
respectively.
By applying the two-bands mixing model [42] to the
transition probabilities determined from the presently
measured lifetimes, information on the pure normal and
intruder configurations can be obtained. Indeed, such
a two-state mixing model is a simple approach to inter-
pret the properties of physical states based on the mix-
ing of different intrinsic configurations. As extensively
discussed in the work of E. Clément et al. [45], under
the assumption of two rotational structures not linked
by any transition between the intrinsic states of the dif-
ferent bands, the experimentally observed states |Jπ1,2〉
can be written as a linear combination of the intrinsic
pure prolate (|Jπpr〉) and oblate states (|Jπpr〉):











Adopting the experimentally-deduced mixing
strengths of Ref. [16], the resulting normal struc-
ture is characterized by |Qn0 | = 3.66(37) eb (β2 ≈ 0.13)
and the intruder one by |Qi0| = 6.42(45) eb (β2 ≈ 0.22).
However, Figure 6 shows that the experimental reduced
transition probabilities manifest a smaller mixing than
that estimated in Ref. [16] from the excitation energies
of the states.
B. Beyond mean-field calculations
The reduced transition probabilities have been first
compared with the theoretical calculations obtained with
an Interacting-Boson Model with Configuration Mixing
(IBM-CM) [43]. The model allows the simultaneous
treatment and mixing of several boson configurations
which correspond to different particle-hole excitations:
two-protons excitation across the Z = 82 closed shell is
considered. For the γ-ray transitions within the same
band a good agreement with the experimental results is
observed, while an overestimation of the B(E2; 6+1 → 4
+
1 )
value might suggest an experimental mixing lower than
the one predicted by the calculations. However, in line
with the results of various mean-field calculations for
the Hg nuclei [32, 46, 47], IBM-CM fails to reproduce
the shape of the light Hg isotopes: while experimental
data provide evidence that for mass 180 ≤ A ≤ 188 the
ground-state band is oblate and the intruder band is pro-
late, the model predicts a prolate energy minimum for the
even-even 180−184Hg, a degenerate prolate-oblate one for
186Hg and an oblate ground state for A ≥ 188.
In the view of the measured lifetimes, many of
them obtained for the first time, the neutron-deficient
186,188,190Hg have also been studied within a self-
consistent beyond mean-field framework, i.e. the
so-called symmetry conserving configuration mixing
(SCCM) method with the Gogny D1S interaction [48,
49]. These calculations are based on the mixing of
a set of intrinsic states with different quadrupole de-
formations. These intrinsic states are Hartree-Fock-
Bogoliubov (HFB) like wave functions obtained self-
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consistently through the particle-number variation after
projection (PN-VAP) method [50]. Because the HFB
states also break the rotational invariance of the system,
this symmetry is restored by projecting onto good angu-
lar momentum (particle-number and angular momentum
projection, PNAMP). The final spectrum and nuclear
wave functions are obtained by mixing such PNAMP
states within the generator coordinate method (GCM).
The region under study is expected to show competing
shapes in the low-lying spectrum. This kind of sys-
tems could be particularly sensitive to the convergence
of the calculations with the number of harmonic oscil-
lator shells, Nh.o., used to define the HFB transforma-
tion [51]. We performed SCCM calculations exploring the
axial quadrupole (β2) degree of freedom with Nh.o. = 11,
13, 15 and 17 and only with the latter value the conver-
gence of the energies and wave functions was guaranteed.
Such a large number of harmonic oscillator shells makes
the SCCM with triaxial shapes extremely expensive from
the computational point of view and only axial SCCM re-
sults are reported here.
A first glance at the structure of the 186,188,190Hg iso-
topes can be obtained by analyising the PN-VAP and
PNAMP energies as a function of the deformation β2.
We observe in Figure 7 that the three nuclei show two
clear minima, corresponding to oblate (β2 ≈ −0.17) and
prolate superdeformed (SD) (β2 ≈ +0.65) shapes, and
a double minimum structure around normal-deformed
(ND) prolate configurations with β2 ≈ +0.1,+0.3. Once
the angular momentum projection is performed, in the
three cases, the absolute minimum for J = 0 is the oblate
one, then the ND states and, finally, the SD configura-
tion. Oblate and ND minima are rather close in energy in
186Hg, while ND and SD minima are almost degenerated
in 190Hg.
These energy surfaces suggest the presence of shape
coexistence and/or shape mixing in these nuclei. How-
ever, the final theoretical spectra are obtained by mixing
the PNAMP states with different quadrupole deforma-
tions. Excitation energies for the three nuclei are plotted
in Figure 8 and the collective wave functions (CWF) (i.e.,
the weights of the intrinsic quadrupole deformations in
each nuclear state) are represented in Figure 9. The po-
sition of the energies on the x-axis corresponds to the
mean value of the intrinsic quadrupole deformation for
each state provided by the CWFs. Here, we clearly ob-
serve for the three isotopes the three different collective
bands (with ∆J = 2) associated to the oblate (ground
state bands), ND-prolate and SD-prolate minima. The
excitation energy of the 0+2 state is lower for the lighter
isotope, suggesting a considerable shape-coexistence in
186Hg. Additionally, a 0+2 state is also found close to the
band-head of the SD band for 190Hg. Hence, the 0+2 ex-
citation energy associated to the ND band is expected
to be larger in 188Hg and 190Hg than in 186Hg, as ob-
served experimentally. It should be noted that, for the
ground-state and ND bands, the deformation parameters
from the SCCM calculations are in good agreement with
those estimated from the experimental results, assuming
the pure rotational (see Table II) and the other models.
The calculations also predict a band crossing at Jπ =
6+ in 188Hg in agreement with the observations, i.e. the
members of ND-prolate band becomes yrast at J = 6,
8, 10. In Table II the experimental reduced transition
probabilities are compared with the SCCM calculation
for 188Hg. The predictions are in good agreement for
the ground-state band but, contrary to the IBM-CM
case, the B(E2) value of the 6+1 → 4
+
1 linking transi-
tion is underestimated; in addition, the predicted tran-
sition strengths in the intruder band are rather constant
and the values are much larger than what is observed
experimentally. These features can be interpreted as an
underestimation of the possible mixing between the two
bands. In fact, by looking at the CWFs (Figure 9), we
see that the mixing between the different bands is very
small because the overlaps between the CWFs are negligi-
ble. This fact might be related to the imposition of axial
symmetry in the calculations. An exploratory calcula-
tion with Nh.o = 11 including triaxial shapes for the nu-
cleus 188Hg suggests a larger mixing between the oblate
and ND prolate configurations along the γ degree of free-
dom. However, such a computationally costly calculation
did not converge with the number of harmonic oscillator
shells and the prolate band was found to be the ground
state configuration, contrary to what is obtained experi-
mentally.
The underlying shell structure of the three collective
bands can be also analysed within the SCCM framework.
The relevant spherical shells that are needed to describe
such states can be qualitatively identified by Nilsson-
like orbits. These orbits are computed self-consistently
for each nucleus with HFB states obtained along the
quadrupole degree of freedom. As an example, the evolu-
tion of the spherical orbits as a function of the deforma-
tion, β2, is plotted for the
188Hg isotope in Figure 10. The
Fermi energies for protons and neutrons are also shown.
The relevant regions, where the CWF are peaked (i.e.
the minima of the energy surfaces), are marked by a grey
band in the figure. In the oblate minimum, we see that
the orbits close to the Fermi energy are: 3s1/2, 0h11/2
and 0h9/2 for protons and 0h9/2, 1f7/2, 0i13/2, 2p3/2 and
1f5/2 for neutrons. For the ND configuration, the 1d5/2
and the 1f7/2 for protons and the 0g9/2 for neutrons also
play a role. Finally, for the SD band, the 0i11/2 and
negative parity orbits above N = 126 are also entering
below the neutron Fermi energy. This picture shows the
complexity of the single-particle structure of these heavy
nuclei that prevents the use of shell model calculations.
We compute the actual occupation numbers of spherical
orbits with each individual SCCM wave functions in the
three isotopes studied here following the method devel-
oped in Ref. [52]. To simplify the discussion about the
occupancies, let us define a proton core of Z = 82 that
encompasses the 0s, 0p, 1s−0d, 1p−0f , 2s−1d−0g and
0h11/2 spherical orbits, and a neutron core of N = 100
that includes the previous orbits plus the 0h9/2 and 1f7/2
10
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FIG. 7: (Color online) PN-VAP (dashed lines) and PNAMP (continuous lines) energy curves as a function of the axial
quadrupole deformation β2 for the (a)
186Hg, (b) 188Hg and (c) 190Hg isotopes.











































































































FIG. 8: (Color online) Spectra obtained with axial SCCM calculations with the Gogny D1S interaction for the (a) 186Hg,
(b) 188Hg and (c) 190Hg isotopes. The energies are plotted at the mean value of the intrinsic quadrupole deformation of the
corresponding collective wave functions. PNAMP energy curves as a function of β2 are also plotted to guide the eye.
neutron levels. Using such cores, the 188Hg isotope in a
normal filling approximation should correspond to 2h-0p
(protons) and 0h-8p (neutrons), respectively. However,
the results obtained for the oblate, ND and SD bands
are 4.0h-2.0p, 8.1h-6.1p and 9.0h-7.0p for protons, and
5.4h-13.4p, 7.7h-15.7p and 8.3h-16.3p for neutrons, re-
spectively. Similar configurations are also obtained for
the other two isotopes calculated here. These results
show again the complexity of the single-particle struc-
ture driven by the deformation of the system.
V. CONCLUSIONS
The nuclear structure of the neutron-deficient mercury
was investigated via lifetime measurements at the Labo-
ratori Nazionali di Legnaro. In order to control a possible
contamination of the 188Hg data by other reaction chan-
nels, two different fusion-evaporation reactions were used
for this study and, thanks to the powerful capabilities of
both GALILEO and Neutron-Wall arrays, a clear identi-
fication of the channel of interest was possible.
Using the RDDS technique, the lifetimes of the states
up to spin 16 ~ were measured. The determined life-
times of the 2+1 and 4
+
1 states are in agreement with
11
values reported in literature. Thanks to the new results
for both low- and high-lying states, the deformation of
the ground-state band and of the intruder structure was
estimated from the experimental data, assuming two-
band mixing and two different rotational models. These
models provide a similar interpretation of the structures:
the ground-state band has a quadrupole deformation of
(a) 186Hg (b) 188Hg (c) 190Hg
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FIG. 9: (Color online) Collective wave functions (CWF)
obtained with axial SCCM calculations with the Gogny D1S
interaction for (a) 186Hg, (b) 188Hg and (c) 190Hg isotopes.
β2 ≈ 0.13, while the intruder one has β2 ≈ 0.22. More-
over, the lifetimes of the 14+1 and 16
+
1 excited states
highlighted the presence of an almost-spherical structure
above the 12+1 isomer.
In the view of the new results, state-of-the-art SCCM
calculations were performed for the even-mass 186−190Hg
and predicted the presence of three structures in each of
these nuclei, having oblate, normal- and super-deformed
prolate deformation. The underlying shell structure of
the three collective bands was analyzed within the SCCM
framework, identifying the relevant spherical shells, nec-
essary to describe such structures. For 188Hg the com-
parison between the theoretical predictions and the ex-
perimental results confirmed the proposed interpretation
of both the intruder and ground-state bands. Further


























































FIG. 10: (Color online) Single-particle energies for (a) pro-
tons and (b) neutrons as a function of the deformation β2
calculated for 188Hg with the Gogny D1S interaction. Dashed
(continuous) lines represent negative (positive) parity states
and the thick dashed-dotted lines show the Fermi energy. The
shaded areas correspond to the position of the three minima
in the energy surface shown in Figure 7.
12
resolve the ambiguity between the SCCM predictions and
the previous calculations.
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